Because each membrane consists of two leaflets (monolayers), membrane merger can proceed according to two radically different scenarios (Chernomordik and Kozlov, 2003). The first scenario assumes that pores form in each of the apposed membranes. The pore rims then join, yielding a fusion pore connecting the membranes, which allows both lipid and aqueous content exchange ( Figure 1A ). We will refer to this pathway as direct fusion.
Introduction

The fusion of two membranes into one is an event shared by intracellular trafficking, fertilization, tissue formation, and viral infection (Earp et
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Alternatively, fusion can proceed via sequential merger of pairs of membrane leaflets ( Figure 1B) . The first to fuse are the leaflets that face each other through a water gap and are referred to as the proximal or contacting leaflets. Membrane leaflets that are distal with respect to the intermembrane gap remain separate at this stage. This membrane rearrangement called hemifusion allows the exchange of lipids between the proximal leaflets, whereas lipid exchange between the distal leaflets and the exchange of aqueous content remain blocked ( Figure 1B , panels 3 and 4). The next step is the merger of the distal leaflets, leading to the formation of a nascent fusion pore. Only at this stage would one observe content mixing and the mixing of the lipids of the distal leaflets ( Figure 1B, panel 5) . This pathway will be referred to as fusion-through-hemifusion. In this review, we discuss the fusion between proteinfree lipid bilayers, the fusion of viruses with host cells, and the recent breakthroughs in understanding intracellular fusion. We focus on the protein-mediated membrane rearrangements rather than on the structures of the proteins involved, which have been discussed in many excellent reviews (Earp et al., 2005; Jahn et al., 2003; Schibli and Weissenhorn, 2004) . Overall, these findings suggest the universality of the fusion-throughhemifusion pathway.
Hemifusion of Protein-Free Bilayers
Membrane fusion in both direct and fusion-throughhemifusion pathways involves drastic structural rearrangements of membrane leaflets, which require special conditions and, in general, energy input. The pathway that consumes less energy is the more probable. Fusion between two apposed lipid bilayers is observed for specific lipid compositions such as acidic lipids in the presence of divalent cations and is pro- 
Hemifusion in Viral Systems
For biological membranes, we see no a priori arguments against the direct fusion scenario. In theory, proteins could facilitate direct fusion by lining the edges of the pores to lower the energy cost. However, studies of fusion reactions used by enveloped viruses in the infection of host cells argue in favor of the fusionthrough-hemifusion pathway. During viral entry, the energy for membrane rearrangements is apparently generated by conformational changes of viral fusion proteins, their lateral interactions, and/or interactions between the membranes and important amphiphilic regions of the proteins, so-called "fusion peptides" (Blumenthal The debate over whether the initial fusion pore is a proteinaceous channel or a lipid-based intermembrane connection has emphasized the importance of understanding whether intracellular fusion proceeds by the direct fusion pathway or by fusion-through-hemifusion. These data may indicate that SNARE complexes share distinct fusion tasks with other proteins involved in intracellular fusion. For instance, SNAREs can initiate formation of early fusion intermediates that rapidly proceed to detectable fusion phenotypes, lipid and content mixing, under the tension generated by the mechanisms dependent on other fusion proteins. The division of the fusion tasks between different proteins, and the ability of parts of the fusion machinery to mediate less-efficient fusion on their own, may be needed to guarantee robustness, high rates, and additional levels of control of biological fusion.
SNARE-Dependent Hemifusion
Universality of Hemifusion
The fusion reactions mediated by viral and intracellular protein machineries as well as the fusion of protein-free bilayers similarly depend on membrane lipid composition and involve similar hemifusion intermediates. These findings indicate that the biological fusion pathway is based on shared properties of membrane lipids rather than on specific features of the proteins involved. Sequential merger of the leaflets in the apparently universal hemifusion pathway allows the fusion site to be sealed and nonleaky during membrane remodeling. This feature must also be vital for membrane fission, in which one membrane splits into two as occurs in endocytosis and virus budding. Therefore, membrane fission is also expected to proceed through a stalk-like hemifusion intermediate. The apparent universality of the pathways of membrane remodeling implies a general mechanism by which protein energy is transformed into the energy of lipid rearrangements. This mechanism is likely based on protein-generated elastic stresses in membranes such as the bending stresses produced by membrane shaping. Understanding the relationship between the refolding of fusion proteins and the remodeling of the lipid matrix and elucidating the specific mechanisms of stress generation will provide a better understanding of the intriguing phenomenon of membrane fusion.
